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ABSTRACT 
Selected mechanical properties of (! 45 )4S graphite/epoxy composites 
have been found to be affected by sub-Tg annealing. Postcured (+ 45 )4S 
specimens of Thornel 300 graphite/Narmco 5208 epoxy were sub-Tg annealed 
at 413K (140 C) for ca. 10,102, 103, 104 and 105 min., with a prior 
quenching from above Tg. The ultimate tensile strength (UTS), strain-to-
break ( B)' and toughness of the composite materials were found to decrease 
as a function of sub-Tg annealing time. No weight loss were observed 
during the sub-Tg annealing. The time-dependent change in properties can 
be explained on the basis of physical aging which is related to free volume 
changes in the non-equilibrium glassy state of network epoxies. The results 
imply possible changes in composite properties with service time. 
I NTRODUCTI ON 
The long-term properties of amorphous, glassy materials, including 
the crosslinked thermoset of network epoxies, have been demonstrated to 
change as a function of annealing time at a temperature below the material's 
glass transition temperature, Tg (1,2). This sub-Tg annealing process 
is typically accompanied by a volume recovery phenanenon knO'.m as physical 
aging (3,4). 
A polymer cooled from above its Tg is in a non-equilibrium state \,/hich 
possesses excess values in free volume as well as excess values in state 
functions such as volume and enthalpy. The molecular basis for this non-
equilibrium behavior arises from the quenching of free volume into the 
poiymer system due to the inability of the polymer chains to achieve their 
equilibrium conformation as the temperature of the system is lowered through 
Tg. That is, due to the rapidly increasing viscosity as Tg is approached, 
the mol ecul es essentia lly undergo a "log-jam effect" and excess free volume 
is quenched within the system. 
While at a temperature below Tg, some degree of molecular motion 
does occur. With time the molecular system does approach the true equilibrium 
state, i. e., tile equ i 1 i bri urn va lues of vo lume, enthalpy or other state 
function variables. Physical aging represents a thermodynamic drive towards 
the equilibrium glassy state, and the recovery process involves a decrease 
in free volume as the material ages. 
While the non-equilibrium behavior of inorganic glasses has been 
recognized for many decades, it has only been in the last twenty years or 
so that the non-eqt.:ilibriuiol behavior of oraanic ;Jol)'iile.r-glasses has been 
given sc~e attention. This latter r~cognition has primarily focused on 
lir.ear poly.;:er;c glasses such as polystyrene (12), poly (ethylene terephthalate) 
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(12, 13), poly (vinyl acetate), (4, 14) and polycarbonate (15). Only 
recently has there been some attention given to network or crosslinked 
glasses such as epoxies (1, 2, 16) • 
The essence of physical aging in glasses comes forth through striking 
time-dependent changes in a variety of properties be they mechanical, 
diffusional or dielectric. Specifically, the general trend is that with 
sub-Tg storage time the mechnical behavior shows a trend towards stiffening 
and embrittlement (1, 2, 15), the diffusional or sorptional behavior decreases 
\~ith sub-Tg annealing time for a given penetrant and the dielectric be-
havior implies a decrease in molecular mohility as noted through the fre-
quency dependence of the dielectric parameters (17, 18). 
This report represents the first to recognize the effects of this non-
equilibrium behavior in epoxy glasses on the long-term mechanical properties 
of graphite/epoxy composites. This finding is particu1arly.i~portant in 
Vlew of the growing applications of graphite/epoxy composites as structural 
parts in aerospace and automative industries. 
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EXPERHiENTAL 
1. ;!'aterials: 
The material chosen for this study was Thornel 300/Narmco 5208 
graphite/epoxy composite. This composite is fabricated from prepreg 
tape manufactured by Narmco Corporation from Union Carbide1s Thornel 300 
graphite fiber and Narmco Corporation1s 5208 epoxy resin. Table 1 gives 
the physical and mechanical properties of the WYP-30-1/0 (zerotwist) 
grade of Thornel 300 fiber used in the prep reg (5). The mechanical 
properties given are those specified by Narmco Corporation, and represent 
either a minimum or a range for the property value. The actual fiber 
strength, for instance, probably averages 3000MPa (435.0KSi) or higher, 
with a batch-to-batch variation typically between 2900 and 3300 MPa 
(420.5 to 478.5 Ksi). (5) 
The Narmco 5208 epoxy resin is one of several commercial epoxies 
based upon the TGDDM-DDS system. That is, the main constituents are 
tetraglycidyl 4,41- diaminodiphenyl methane (such as Ciba-Geigy MY-720) 
crosslinked with 4,4 1-diaminodiphenyl sulfone ~such as Ciba-Gei~ Eporal). 
The Narmco 5208 system contains about 90 parts-per-hundred (pph) by 
weight of TGDDM (72.6%), about 24 pph DDS (19.4~), and in addition about 
10 pph (8.0:) of glycidyl either of a bisphenol-A novolac epoxy (such as 
Celanese SU-8). (6) The chemical structures of these components are 
shown in Figure 1. Like all epoxy resins, the sytem can exhibit batch-to-
batch variations in the properties of the constituents themselves, and 
possible additions or deletions of trace components. 
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Specimens I'/ere fabricated by Lock-heed ~lissi1es and Space Company. Inc. 
(Sunnyvale. California), from 12-inch-wide Narmco prepreg tape. Laminates 
of the arrangement or configuration of (~ 45°)4S were fabricated. These 
were balanced and symmetric 16-ply (16-lamina) specimens having a gauge 
length of 7.620 cm. (3.000 in.). Their width was typically 1.254 cm. 
(0.494 in.) and the thickness was typically 0.210 cm. (0.083 in.), giving 
rise to a cross-sectional area of about 0.265 cm2 (0.041 in. 2). All 
specimens were about 20.320 cm. (8.000 in.) long with 6.350 cm. (2.500 in.) 
end-tabs (Figure 2). The end-tabs were used to prevent grip-induced damage 
during clamping of the specimens by the tensile grips. 
The specimens were, prepared by the follol~ing procedure. Large panels 
of suitable lamination sequence were prepared from the prepreg tape. These 
panels were cured in an autoclave held for 0.5 hr. at 40BK (135°C) and 2.0 hr 
at 453K (lBO°C), under 6.B95 X 105 Pa (100 Psi or 6.B atm.) pressure and 
autoclave vacuum. The percentage of fiber by volume of si~ilar panels 
were determined to average 64.6%, with a range from 64.3 to 64.B~. Next, 
Fiberglas™ - fabric/epoxy end-tab material was bonded to the panels using 
a sheet adhesive cured for 1.0 hr at 39BK (125°C) at 3.450 X 105 Pa 
(50 Psi or 3.4 atm.). Specimens of the appropriate width were then cut using 
a dry carborundum cut-off wheel. 
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2. I nstrumenta ti on and Te.tt Procedure: 
Constant elongation rate tensile tests were performed using a hydraulic-
driven tensile test machine manufactured by MTSSjt.tems Corporation, ~linneapolis, .r 
Minnesota. A strain rate of 5 X 10- 5 sec-1 was used. During deformation, 
the linear actuator position was monitored and controlled by a linear 
variable differential transformer (LVOT), while strain was measured using 
MTS-brand axial and diametra1 strain-gauge extensometers. The axial extenso-
meter serves to measure the tensile deformation in the direction of loading 
while the diametral extensometer serves to measure the compressive deformation 
at 90° to the loading axis due to Poisson1s contraction. All tensile tests 
were performed at 296K (23°C) andin accordance to ASTM 03518-76 (7-9). 
The glass transition temperature, Tg, of Narmco 5208 was determined 
by differential scanning calorimetry (Perkin-Elmer OSC-2) and by dynamic 
mechanical analysis (du Pont DMA-98l system). This Tg \1aS used as the 
basis for annealing and sub-Tg annealing experiments. 
3. The Thermal Conditioninq Schedule: 
Apart from the five as-received composite specimens that were intially 
tested by the MTS, the rest of the specimens were postcured at 473K (200°C) 
for 4 hr. in order to totally crosslink the resin. In essence, the post-
curing schedule was employed in order to complete the chemical aging proceis. 
After the postcuring, specimens were slowly cooled to room te~perature at a 
cooiing rate of ca. O.soC min- l • Five of these postcured specimens were 
tested using the MTS. The remainder of the specimens were heated at 433K 
(260°C) for 20 min. and then immediately quenched into an ice-water bath. 
6 
" 
" 
One ~inute after the quenching, specimens were wiped dry. Five of these 
quenched specimens were irrmediately tensile tested. The rest of the 
quenched specimens were sub-fg annealed at 413K (140°C). Time zero for 
the sub-Tg annealing or physical aging experiment was defined as the 
time when an iron-constantan thermocouple adjacent to the specimens 
reached the temperature of 4l3K (140°C). The thermocouple was connected 
to an ice-point junction. Specimens were removed from the 4l3K (140°C) 
oven at the time intervals of ca. 10, 102 , 103 , 104 and 105 min. These 
air-cooled specimens were stored during the cooling inside a dessicator at 
296K (23°C) prior to tensile testing. Five specimens were tested in each 
decade of aging time. 
4. Data Analysis: 
The mechanical properties of the composite specimens are defined as 
fo 11 O\'/S : 
(1) Ultimate tensile strength (UTS): 
( 2) 
UTS, also termed ultimate stress, is the stress at which the specimen 
begins to fail by delamination. 
Strai n-to-break (e:.,.,): 
o 
E:s is also known as strain-at-failure or elongation-to-failure. It 
is calculated as 
(1.9. 
X 1 OO~~ 
.Q. ° 
7 
~ 
I'/here 6£. = amount of el ongati on during the stress - strain experiment 
.' 
as measured by the strain-gauge extensometers •. 
£.0 = original length of the specimens. 
(3) Toughness: 
The static toughness referred to here is different from the dynamic 
toughness value obtained from impact tests. Toughness is de;ined here as 
the area under the stress-strain curve. It is measured by conventional weighins 
methods and by graphic methods. The former method was employed using a 
Sartorius electronic balance (Model 1201 MP 2/BCD) which is coupled to an 
electronic data record~ng system. The two methods yielded data that were 
agreeable to each other. A toughness index was calculated as all toughness 
values (Joules CM-3) were normalized with respect to the va~ue for the 105 
min. aged specimens. 
(4) Young's modulus (E): 
E is defined as the ratio between stress and strain for the initial 
linear elastic region of the stress-strain curve. 
E = a = 
(5) Yield Stress (~y ): 
0y is defined as the stress value at 0.1% offset strain during 
the stress-strain experiment (see Figure 3). 
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RESULTS AND DISCUSSION 
The composite with an epoxy-matrix exhibits mechanical properties 
which are sensitive to its thermal history. Figure 4 sho\'1s that the 
as-rec~ived specimens exhibit by far the greatest degree of toughness~ 
For the as-received materials, UTS averaged 162.60+0.76 ~IPa (95% con- I 
- , 
I 
(Fi gure 8). \ fidence level) (Figure 6) whereas EB averaged 2.44 ~ 0.74% 
Thermal analysis by differential scanning calorimetry on as-receded 
\ , 
materials indicated that the matrix epoxy was not fully cured: an exoterm 
I'las detected duri ng the fi rst scan from room temperature to 573K (300°C). 
A standard 473K (200°C) 4 hr. postcuring was therefore necessary for the 
specimens in order to complete all the crosslinking reactions. After the 
postcuring, differential scanning calorimetry confirmed a fully cured 
system ... ,hich exhibit a regular step-function increase in heat capacity at Tg. 
Tg of Narmco 5208 was found to be between 453K (180°C) and 543K (270°C). 
This result I'las confirmed by both dynamic mechanical analysis and differential 
scanning calorimetry. 
Postcuring embrittled the Narmco 520S-matr.ix composite (Figure 4). 
After postcuring UTS decreased to 148.60+6.41 r·lPa (Figure 6) and E:S decreased 
to 1.04 + 0.07% (Figure 8). This postcurtng schedule was necessary because 
we wanted to eliminate the possibility of continuous crosslinking reactions 
(che~ical aging) during our subsequent sub-Tg annealing (physical aging) 
experiments. It has been demonstrated that chemical aging processes such 
as continuation of crosslinking reactions would also embrittle polymeric resins 
( 11 ) • 
In view of our discussion.on the free volume concept. we expect a 
9 
quenching from above Tg would freeze in a relatively large amount of free 
volume in epoxies. The temperature of 533K (260°C) is well above the onset 
of the Tg of Narmco 5208 epoxy. On heati ng the compos ite materi a 1 to Sl3K 
(260°C) for 20 min. followed by a quenching to 273K (O°C), we expected to 
have trapped in a larger ~oount of free volume compared to the postcured-
then-slowly-cooled material. Since more free volume can be interpreted to 
mean higher chain mobility and shorter molecular relaxation time, we were 
surprised to find that in the auenched system, the toughness "las greatly 
reduced (Fi gure 4), i. e., both e: Band UTS decreased further compared to the 
postcured material (see Figures 6, 8 and 10). 
We propose to rationalize the observation by a phenomenon known as 
residual thermal stresses. Residual thermal stresses arise from the fact 
that graphite and epoxy have different thermal expansion coefficients and a 
quenching of graphite/epoxy canposites 'r'lould conceivably produce residual 
stresses. Apparently, the quenching process may produce enough residual 
stresses to lower the toughness of the composite. In the absence of such 
residual stresses the free volume concept alone would predict a quenched 
glass to have larger amount of free volume and hence constitute a less 
brittle substance (1, 2). 
In order to study the effect of physical aging on the graphite/epoxy 
.composites, the freshly quenched materials were then sub-Tg annealed at 
413K (140°C). After annealing for only 10 min. at 413K (14D OC), the 
toughness of the composite was restored to a level comparable to that 
of the 473K (200°C) postcured material (See Figur.es 4 and 10). It is 
likely that residual thermal stresses resulted from the quenching were 
annealed away during this 10 min. thermal aging at 4l3K (20D OC). 
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Physical aging in the epoxy matrix definitely affects the long-term 
mechanical properties of the composite. As the material was further sub-
Tg annealed at 4l3K (140°C) for 100 min., 1254 min., 9907 min and up to 
101518 min., the toughness and other ultimate properties continued to 
decrease (see Figure 5). Figures 7, 9 and 11 show convincingly that the 
decrease in ultimate properties is proportional to the aging time. By 
105 min. at 4l3K (140°C), UTS was down to 100.00 ~ 3.30 MPa, a net decrease 
of 38.5% from the original UTS of the as-received material (Figure 6). ~B 
decreased ca. 73.6% when one compares the as-received materials to the 
ones aged for 5 decades at 4l3K (140°C) (Figure 8). Toughness, more 
drastically, decreased 87.8% as a composite was allowed to go through the 
thermal treatment described above and aged up to 105 min. Both Figure 10 
and Table 2 demonstrates this point. For specimens that were aged for 5 
decades, we estimate the toughness to have a value of ca. 0.3S-Joule cm.-3• 
No weight loss was observed during the sub-Tg annealing experiment. 
Young's modulus estimation indicated insignificant changes during physical 
aging (Fig. 12 and Table 2). The scatter in the data, however, hamper our 
analysis significantly. Yield stress analysis did not show any change in 
properties until the last decade of aging where cry dropped approximately 
17% (Figure 13 and Table 2). 
The inplane shear stress-strain tests reported here have been well 
de~onstrated by other researchers (10) as a reliable test for matrix-dominated 
properties in ccmposites. For all the selected mechanical properties that 
I .... e monitored (UTS, e: B' static toughness, cry and E), their sensitivity to the 
ther~al history was well demonstrated. In particular, the ~Tibr;ttlement 
11 
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process during the sub-Tg annealing or physical aging has been clearly 
observed. This decrease in molecular mobility, which gives rise to an 
increase in relaxation time and hence a decrease in toughness, can be 
rationalized as a decrease in free volume in an approach towards the 
equilibrium glassy state. Further experimental results using techniques 
such as stress relaxation, fluorescence spectroscopy and dynamic mechanical 
analysis will most definitely establish the kinetics of this recovery 
phenomenon and substantiate the effect of physical aging on the durability 
and reliability of these structural composites. 
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CONCLUSION 
Mechanical properties of quenched graphite/epoxy composites have been 
observed to change by thermal aging at sub-Tg temperatures. The ultimate 
properties such as UTS and toughness all decreased as a function of sub-
Tg annealing time. The time-dependent change in properties can be ex-
plained by a physical aging concept which is based on free volume changes 
in a non-equilibrium glassy state. The effect of residual thermal stresses, 
which is likely to be coupled to the physical aging process in this non-
equilibrium quenched glass, poses an interesting problem that has to be 
solved in order to shed more light on this recovery process of physical 
aging. 
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TABLE 1 
Physical and r~ecahnical Properties Specified for WYP-30-l/8 (Zero Twist) 
Grade of Thornel 300 Graphite fiber (After Reference 5) . 
Physical Properties 
filaments/fiber bundle 
twist 
filament densitya 
filament equivalent diameter a 
Mechanical Properties 
minimum tensile strength 
average tensile modulus 
minimum average strain 
to failure. 
3000 
none 
3 1 .73 Mg/m 
6.9 urn 
J 
2660 t·1Pa 
220 - 240 GPa 
(Young's modulus) 
1. 1 ~~ 
(% strain-to-break) 
Notes: afrom Union Carbide product literature 
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FI GURE CAPTI ONS 
Figure 1: 
Chemical struttures of the constituents of Narmco 5208 epoxy resin. 
Figure 2: 
Front view and side view of (~ 45°)4S graphite/epoxy specimens 
showing end-tab reinforcement mater,~l. 
Fi gure 3: 
Definitions for ultimate tensile strength, strain-to-break and yield 
stress. 
Figure 4: 
Comparison of stress-strain curves for (~45°)4S graphite/epoxy 
cowposites of different thermal histories. Error rectangles were 
drawn to indicate a 95% confidence lev~l for both streis and strain. 
Figure 5: 
Effect of sub-Tg annealing at 4l3K (140°C) on the ultimate properties 
of graphite/epoxy composites. 
Figure 6: 
Ultimate tensile strength as a function of composite thermal history. 
Figure 7: 
Ultimate tensile strength as a function of sub-Tg annealing time at 
413K (140°C). 
Figure 8: 
Strain-to-break measured by axial extensometer as a function of composite 
thermal history. 
Figure 9: 
Strain-to-break measured by axial extensometer as a function of sub-Tg 
annealing time at 413K (140°C). 
Figure 10: 
Normalized toughness index as a function of composite thermal history. 
15 
Fi gure 11: 
Normalized toughness index as a function of sub-Tg annealing time 
at 413K(140°C). . y 
Fi gure 12: 
Young1s modulus of composite as a function of sub-Tg annealing time. 
Figure 13: 
Yield stress of composites as a function of sub-Tg annealing time. 
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UTS, cu' Normalized Toughness Index, 'leung's i·!oculus and Yield Stress as a 
Function of the Composite Thermal History 
, Posteuring J\nnea1ing 
Thermal Hi story I J\s tl Hr. 473K 533K (260°C' ! Received (200 0 e) +Quenehing I ! 273K(Oo) ... 
UTS (I-lPa) 162.60 148.60± 108.00± 
±0.76 6.41 tl.71 
I 
EU (%) 2.44±0.74 1.04±0.10 0.82±0.08 
Toughness [squa~~s U 8.23 2.84 1.47 
coun 1ng 
estimate 
Toughness C·/eighing] 8.17 2.75 1. 67 
method 
-_. 
E (r-lPa) 20172 20831 19308 
±464 ±2032 ±545 
,-- -_. 
0y (I·IPa) 81. 00 119. 00 97.40 
±0.03 ±5.88 ±2.91 
. 
3 
* Toughness index 1.00 corresponds to 0.36 Joule/em. 
. 
Sub-Tg J\nnealing 
...... '.- ..... 
-
10min. 102 min. 103 min. (tl13K) 
(140 0 e) (413K) (tl13K) (140"e) (lilOOe) 
144.60± 141 .501: 134.20± 
4.25 5.71 3.60 
f-.----
1.08±0.10 1 .041:0.07 0.901:0.14 
3.08 2.tt2 1.74 
, 
3.00 2.50 1. 75 
20724 20278 20158 
±776 ±2016 :t319 
"-
114.00 113.00 117. 00 
±S.OO ±S.33 ±17.79 
---
10tl min. 105 
(tl13K) (413K) 
(HOOe) (140 0 e) 
129.20!: 100.00± 
6.76 4.60 
0.8tl±0.07 0.61 1:0.08 
1. 66 1 . 00* 
1. 75 1.00 
----------
20420 19777 
±827 . ±17S6 
,.-
_.----
_._-
115.00 95.00 
~:5.11\ !7.91 
------- -----
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